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Introduction
The sympathetic tonus regulating the vascular resistance, cardiac output and, consequently, arterial pressure is generated by bulbospinal sympathetic premotor neurons located in the rostral ventrolateral medulla (RVLM; Sun et al. 1988; Guyenet, 2006) . Experimental evidence shows that RVLM neurons have their firing frequency reduced by stimulation of baroreceptor afferent fibres, leading to sympathoinhibitory and hypotensive responses, indicating that the baroreflex activation inhibits the activity of the presympathetic neurons (Haselton & Guyenet, 1989; Pedrino et al. 2013; Koganezawa & Paton, 2014) . Therefore, after removal of arterial baroreceptor afferents [sino-aortic denervation (SAD)], sympathetic overactivity and hypertension are expected in rats (Krieger, 1964) . Although RVLM neurons do not receive inhibitory modulation of the arterial baroreceptor afferents after SAD, previous studies have shown that SAD rats do not develop significant increases in sympathetic activity and arterial pressure, suggesting that compensatory mechanisms contribute to modulate the sympathetic activity within the normal range in the absence of arterial baroreceptor afferents (Alper et al. 1987; Machado, 1990; Irigoyen et al. 1995; Irigoyen & Krieger, 1998; Amorim et al. 2016) . However, the mechanisms involved in the modulation of sympathetic activity after SAD remain to be elucidated, and an important puzzle to be solved is why SAD rats are not hypertensive.
Electrophysiological and anatomical studies have shown that RVLM presympathetic neurons are modulated by excitatory and inhibitory inputs from the respiratory neural network and are located close to the neurons in charge of the generation of respiratory rhythm and pattern in the ventral medullary surface (Haselton & Guyenet, 1989; Sun et al. 1997; Moraes et al., 2013 Moraes et al., , 2014 . Moreover, sympathetic outflow presents oscillations throughout the respiratory cycle, suggesting a central respiratory modulation of the sympathetic activity (Adrian et al. 1932; Barman & Gebber, 1980; Numao et al. 1987; Haselton & Guyenet, 1989; Miyawaki et al. 1995; Moraes et al. 2013) . Recent studies from our laboratory have shown that changes in the central respiratory modulation of the sympathetic outflow may impact on the baseline sympathetic activity and, consequently, on arterial pressure (Zoccal et al. 2008; Moraes et al., 2012 Moraes et al., , 2014 Souza et al. 2016) . In this scenario, we recently documented that changes in the baseline respiratory activity may affect the modulation of arterial pressure after SAD in awake rats . Considering that SAD rats are not hypertensive, we hypothesized that the respiratory network contributes to modulate the sympathetic activity within the normal range in SAD rats. Furthermore, we also explored in the present study the possible role of arterial baroreceptors in the generation of the central respiratory pattern and in the control of upper airway resistance. For a better understanding of these mechanisms, we evaluated the respiratory-sympathetic coupling in male juvenile Wistar rats, previously submitted to SAD, using the working heart-brainstem preparation, with a focus on the central respiratory modulation of sympathetic activity in the absence of arterial baroreceptors.
Methods

Ethical approval
All the experimental protocols were approved by the Institutional Ethical Committee on Animal Experimentation of the School of Medicine of Ribeirão Preto, University of São Paulo (protocol CEUA #093/2013). The present study followed the ethics policies and regulation required by Experimental Physiology (Grundy, 2015) , and all experimental protocols presented here were carried out in accordance with the standards and the animal ethics principles recognized by the journal and following a referenced checklist. At the end of each experimental protocol, rats were killed by turning off the perfusion pump.
Animals
Surgical procedures were performed in juvenile male Wistar rats (29-31 days old) weighing 80-100 g. Three days after SAD or sham surgery (Sham), rats exhibited the following body weights: SAD, 89 ± 13 g and Sham, 96 ± 8 g. Rats were distributed into four experimental groups and evaluated 3 days after the following procedures: (i) sino-aortic denervation (SAD); (ii) sham surgery (Sham); (iii) selective removal of the carotid bodies (CBX); and (iv) selective denervation of the aortic baroreceptors (AD). Rats were provided by the Animal Care Facility of the University of São Paulo at Ribeirão Preto, Brazil and they were kept in a 12 h-12 h dark-light cycle in standard environmental conditions (22-24°C), with water and chow provided ad libitum.
Surgical procedures
All surgical procedures used for afferent denervation were performed aseptically under deep anaesthesia with ketamine (40 mg kg −1 ) and xylazine (5 mg kg −1 ; Aldrich, Milwaukee, WI, USA), making the rats insensitive to the pinching of the paw. The animals were fixed in the supine position, and a cervical ventral mid-line incision was made to expose the superior laryngeal nerve, superior cervical ganglion, vagus nerve and carotid bifurcation.
Selective aortic denervation of the baroreceptors (AD) involved the resection of the superior laryngeal nerve M. R. Amorim and others followed by removal of the superior cervical ganglion. To complete sino-aortic denervation (SAD), the superior laryngeal nerve and the superior cervical ganglion were carefully isolated under a surgical microscope and resected. Afterwards, the carotid baroreceptors were denervated by stripping of all fibres and surrounding tissues from the carotid sinus, as previously described by Krieger (1964) and Amorim et al. (2016) .
A distinct group of animals underwent selective removal of the carotid bodies (CBX). The carotid bifurcation was visualized, the carotid body artery ligated and cut, and the carotid bodies were removed on both sides. Rats included in the sham-operated group were submitted to a similar surgical procedure to SAD without damaging any nerve. After all these procedures were completed bilaterally, rats received an intramuscular injection of analgesic and anti-inflammatory flunixin (1 mg kg −1 ; Banamine; Schering-Plough, Rio de Janeiro, Brazil).
Working heart-brainstem preparation
The SAD, CBX, AD and Sham rats were surgically prepared for the in situ working heart-brainstem preparation (Paton, 1996) on the third day after respective surgeries. The animals were pretreated with heparin sodium (5000 UI ml −1 I.P.; Blausigel, Cotia, Brazil) and they were deeply anaesthetized with halothane (5%; AstraZeneca do Brasil Ltda., Cotia, Brazil). Next, the animals were hemisectioned below the diaphragm, eviscerated, exsanguinated, and the cranium and thorax were submerged in cooled (ß4°C) artificial cerebrospinal fluid of the following composition (mM): 125 NaCl, 24 NaHCO 3 , 3 KCl, 2.5 CaCl 2 , 1.25 MgSO 4 , 1.25 KH 2 PO 4 and 10 glucose. Rats were decerebrated at the precollicular level, which makes them pain insensitive, and their skin was carefully removed. The descending aorta and the phrenic nerve were isolated, and all visceral tissues, including the lungs, were cut off. Afterwards, rats were positioned in a recording chamber. The descending aorta was catheterized and perfused retrogradely by a double-lumen cannula with modified artificial cerebrospinal fluid containing an oncotic agent (1.25% polyethylene glycol, MW 20000 g mol −1 ; Sigma, St Louis, MO, USA), and continuously gassed with 5% CO 2 and 95% O 2 using a roller pump (Watson-Marlow 502s, Falmouth, UK). The perfusion flow was adjusted between 21 and 25 ml min −1 by adjusting the rotation of the pump and adding arginine vasopressin to the perfusate to keep the perfusion pressure (PP) stable (600-1200 pM; Sigma, St Louis, MO, USA). The perfusate was continuously warmed to 31-32°C by a heat exchanger and filtered using a nylon mesh (pore size 25 μm; Millipore, Billirica, MA, USA). The preparation was immobilized with a neuromuscular blocker (vecuronium bromide, 3-4 μg ml −1 ; Cristália Produtos Químicos Farmacêuticos Ltda, São Paulo, Brazil).
Efferent respiratory and sympathetic nerve recordings
Sympathetic and respiratory motor nerves were isolated and recorded simultaneously using bipolar glass suction electrodes held in a micromanipulator (Narishige, Tokyo, Japan), which was connected to an amplifier (Insight, Ribeirão Preto, Brazil). The distal end of the left phrenic nerve (PN) was recorded, and its rhythmicity and ramping activity were used as a continuous index of eupnoeic breathing pattern and preparation viability. The duration of the PN burst (from beginning to the end of the ramp) from an average of 10 consecutive stable respiratory cycles was used to determine the time of inspiration (T INSP ). The frequency of these bursts represented respiratory frequency (f R , in herz), and the time of expiration (T EXP ) was given by the interval between two consecutive bursts from the same period of the analysis used to evaluate T INSP . The left cervical vagus nerve (cVN) was cut distally and its central activity was recorded as an index of the control of the upper airways resistance. The electrical efferent activity of the sympathetic nerve (tSNA, T8-T10) was recorded from the thoracic sympathetic chain. All signals were obtained, amplified, bandpass filtered (0.5-5 kHz) and acquired in an A/D converter [CED 1401; Cambridge Electronic Design (CED), Cambridge, UK] to a computer using Spike2 software (CED). Signal channels were also duplicated, rectified and processed (50 ms time constant) for better analysis.
Analysis of sympathetic activity and respiratory-sympathetic coupling
Considering the variability of the multifibre nerve records, the level of the baseline sympathetic activity was normalized as percentage values. In the present study, we present the following: (i) the analysis of the total baseline sympathetic activity in relationship to ischaemia (100%) and noise (0%); and (ii) respiratory-related tSNA, which reflects the level of the tSNA in each phase of the respiratory cycle.
The total baseline sympathetic activity is expressed here as percentages in all rats, and it was calculated using the mean amplitude of the processed tSNA signal in relationship to the maximal sympathetic discharge in response to ischaemia (100%) and the underlying noise level (0%) obtained by continuous recording of the tSNA 15 min after the cessation of arterial perfusion at the end of each experiment, when the preparation was dead.
Phrenic-triggered averaging of processed tSNA was carried out offline using 10 processed phrenic cycles (time constant of 50 ms). The averaged tSNA was divided into the following three parts: inspiration (I, coincident with phrenic discharge), post-inspiration (E-1) and late expiration (E-2), which corresponded to each half of expiratory time, as previously described by Costa et al. (2013) . To analyse the pattern of tSNA during the respiratory cycle through preparations, the maximal activity of the tSNA observed during the inspiratory and post-inspiratory transition was considered to be 100%, while the noise level, determined 15 min after stopping arterial perfusion at the end of each experiment, was considered as 0%. Therefore, data described on tSNA for each respiratory phase are normalized as percentage values between the noise and post-inspiratory peak (Costa et al. 2013; Souza et al. 2016) .
Analysis of vagus nerve activity
Regarding the central cVN, phrenic-triggered averaging of processed cervical vagus nerve activity was analysed over 10 respiratory cycles. The cVN activity was subsequently divided into two components: inspiratory (corresponding to inspiration) and expiratory (corresponding to expiration), as described by Costa-Silva et al. (2010) . Therefore, the proportions (as a percentage) between inspiratory or expiratory components and the total area (inspiratory plus expiratory areas) were used to express cVN activity.
Airway resistance measurements
The subglottal pressure (SGP) was measured as an index of upper airway resistance from Sham (n = 4) and SAD rats (n = 4), and it was carried out in accordance with the approach described by Moraes & Machado (2015) . A double-lumen cannula was inserted into a small hole made in the trachea below the larynx and directed orad. A warmed and humidified carbogenic mixture (95% O 2 and 5% CO 2 ) was continuously injected into one division of the catheter in the expiratory direction. In the other portion of the catheter, the SGP was recorded using a pressure transducer (MLT0380; ADInstruments, Bella Vista, NSW Australia). Decreases (abduction) or increases (adduction) in SGP were considered dilatation or constriction of the upper airway, respectively.
Hypo-and hypercapnia protocol
The CO 2 levels in the perfusate were modified in order to reveal whether or not the respiratory activity modulates the tSNA at high or low respiratory drive. For hypercapnic stimuli, the normocapnic mixture (5% CO 2 and 95% O 2 ) was switched to 10% CO 2 and 90% O 2 , whereas for hypocapnic stimuli, the concentrations were 3% CO 2 and 97% O 2 , followed by 1% CO 2 and 99% O 2 . The percentage of sympathoinhibition during hypocapnia was obtained from the ratio of the total mean baseline tSNA at the beginning of experiments and the last minute of the hypocapnic protocol. Rats were exposed to each of these stimuli for at least 7 min. The perfusate was immediately switched back to the normocapnic mixture (5% CO 2 ) in order to re-establish the eupnoeic-like pattern on the PN.
Vagal stimulation
Vagal stimulation was used to determine whether the longer inspiration after SAD was attributable to vagal afferent dysfunction (SAD, n = 5; Sham, n = 6). The vagal afferents were electrically stimulated as described by Dutschmann et al. (2009) , with minor adaptations. After baseline recordings of PN and cVN activity, the cVN was kept in the same bipolar glass suction electrode used to record nerve activity, and a fictitious input that mimicked vagal feedback was started. The stimulus was performed in the central end of the left vagal nerve using an isolated stimulator (D2SA; Digitimer, Welwyn Garden City, UK). In order to induce feedback of vagal afferent stimulation, short intermittent stimuli were applied (200, 600 and 1200 μs pulse duration, 2 V intensity, 3 Hz) for 2 min.
Baroreflex and peripheral chemoreflex tests
The baroreflex was stimulated by transitory increases in the flow generated by the peristaltic pump. Perfusion pressure was increased ß30 mmHg above the baseline PP. The baroreceptor challenge was performed in the post-inspiratory phase (E-1) after the baseline recordings. The sympathetic baroreflex gain was quantified as the percentage inhibition of sympathetic activity/ pressure (as a percentage per millimetre of mercury), which was obtained during the peak of the PP. The bradycardic baroreflex gain was calculated as HR/ pressure (in beats per minute per millimetre of mercury), as previously described by Passamani et al. (2014) . Peripheral chemoreceptors were also activated by intra-aortic injections of potassium cyanide (KCN, 40 μg per rat), and respiratory and sympathetic reflex responses were evaluated in CBX rats as an index of the effectiveness of removal of the carotid bodies (data not shown).
Data and statistical analysis
The statistical analysis and graphics were carried out using GraphPad Prism 7.01 (GraphPad Inc., La Jolla, CA, USA; www.graphpad.com). Before the analysis, data were tested for normality using the Kolmogorov-Smirnov test. The values reported herein are expressed as means ± SD. Statistical comparisons were performed using Student's t test, the Mann-Whitney U test, one-way ANOVA or two-way ANOVA followed by the Bonferonni post hoc test in accordance with the requirements of each experimental M. R. Amorim and others protocol. Differences were considered significant when P ࣘ 0.05.
Results
Perfusion pressure and Traube-Hering waves in SAD rats
The levels of PP of the working heart-brainstem preparation were similar in SAD and in Sham rats (70 ± 9 versus 73 ± 15 mmHg, P = 0.3826; Fig. 1C ). The similar levels of PP suggest no increase in peripheral vascular resistance after SAD. There was no significant difference in the concentration of vasopressin added in the perfusate (P = 0.3281) between all evaluated groups, which was used to keep the PP constant. The amplitude of Traube-Hering waves was evaluated by measuring the relationship between the respiratory cycle and PP oscillations over 10 phrenic cycles. Although SAD and Sham rats exhibited similar levels of baseline PP, SAD (1.09 ± 1.04 mmHg, P = 0.0146) and AD (0.57 ± 0.62 mmHg, P = 0.0055), but not CBX rats (2.83 ± 2.38 mmHg, P > 0.9999), had a significant reduction in the amplitude of Traube-Hering waves in comparison with Sham-operated rats (2.59 ± 2.47 mmHg; Fig. 1D ), indicating that sympathetic activity is not increasing the vascular resistance in SAD rats and suggesting that both aortic and carotid baroreceptors might impact on the amplitude of these respiratory-related waves.
Baseline respiratory pattern in SAD rats
The baseline respiratory pattern was evaluated in SAD and Sham rats (Sham, n = 23; SAD, n = 20) 3 days after surgeries. Considering that the SAD surgical procedure usually also removes the afferents of the peripheral chemoreflex (carotid bodies), a distinct group of animals underwent a selective removal of the carotid bodies (CBX, n = 10) or selective denervation of the aortic baroreceptors (AD, n = 8). after the selective removal of the carotid bodies or aortic depressor nerve.
A condition that might explain the observed increase in the time of inspiration in SAD rats of the present study is a reduction in the neural activity of vagal afferents from the Hering-Breuer reflex, which regulates the transition between the inspiratory and expiratory phases of the respiratory cycle (Dutschmann et al. 2009 ). In order to evaluate whether or not the longer inspiratory neural activity in SAD rats was linked to dysfunction of pulmonary vagal afferent feedback, the inspiratory responses to repetitive vagal electric stimulation were studied in independent groups of Sham (n = 6) and SAD rats (n = 5). The repetitive vagal afferent stimulation produced a similar reduction in the inspiratory duration in Sham and SAD rats, indicating that the increased time of inspiration in SAD rats was not secondary to an impairment of pulmonary vagal afferent feedback (P = 0.6648; Fig. 3 ).
With respect to the respiratory-related vagal activity, SAD rats (n = 12) compared with Sham rats (n = 12) presented an increase in cVN inspiratory activity (coincident with phrenic discharge, Sham = 25 ± 5 versus SAD = 32 ± 7%, P = 0.0129) and a decrease in its expiratory activity (relative to the increase in cVN inspiratory activity, Sham = 75 ± 5 versus SAD = 68 ± 7%, P = 0.0154; Fig. 4) .
Regarding the changes in upper airway resistance in SAD rats, we evaluated the SGP in Sham and SAD rats. In physiological conditions (Sham; Fig. 5A ), there is a decrease in SGP during inspiration, which reflects an abduction of the upper airway. During post-inspiration, glottal constriction leads to an increase in SGP and upper airway resistance. Our data showed that the time of inspiratory glottal dilatation was longer in SAD in comparison with Sham rats (1.01 ± 0.30 s versus 1.87 ± 0.13 s, P = 0.0018; Fig. 5B and C) . Furthermore, the increase in the SGP during the post-inspiratory phase was observed in all Sham rats (n = 4) was not observed in SAD rats (n = 4; Fig. 5B ), indicating changes in upper airway resistance during the respiratory cycle 3 days after SAD.
Baseline respiratory-related sympathetic activity
All the rats included in the present study had a characteristic respiratory modulation of the tSNA, with a clear peak activity coincident with the transition between the inspiratory and expiratory phases (Sham, n = 23; SAD, n = 20). Regarding the total baseline tSNA in relationship to ischaemia, when the perfusion was stopped and for the noise value, after the death of the preparation, there was no significant change in SAD (23 ± 12%) relative to Sham rats (21 ± 10%, P = 0.6138; Fig. 6E ). Furthermore, there was no significant difference in the respiratory-related tSNA during inspiration (I, 54 ± 11 versus 47 ± 13%), post-inspiration (E-1, 42 ± 13 versus 46 ± 14%) or late expiration (E-2, 33 ± 8 versus 33 ± 10%) in SAD rats in comparison with Sham rats (P > 0.05; Fig. 6F ).
Considering that the T INSP was longer in SAD rats, we evaluated the temporal dimension of the tSNA during inspiration by the analysis of the ratio between tSNA (expressed as a percentage) and T INSP (in seconds), and we observed a significant reduction in this ratio in SAD (33 ± 9% s −1 ) compared with Sham rats (51 ± 14% s −1 , P < 0.0001). These results indicate that in spite of longer inspiratory activity the tSNA was not increased in SAD rats. Typical patterns of respiratory and sympathetic activities from one representative Sham rat and one SAD rat are shown in Fig. 6 . Altogether, these findings show that tSNA was similar between SAD and Sham rats.
Regarding the CBX rats, there was no significant difference in the respiratory-sympathetic coupling (I, 56 ± 13%; E-1, 45 ± 12% or E-2, 39 ± 12%) in comparison with Sham rats (P > 0.9999). Regarding the AD rats, we observed an unexpected trend of reduction in the tSNA during inspiration (40 ± 13%, P = 0.0598), but not during the E-1 (36 ± 15%, P > 0.9999) or E-2 phase (24 ± 9%, P = 0.6324) of the respiratory cycle in relationship to Sham rats.
Respiratory and sympathetic activities during hypercapnia and hypocapnia
In order to reveal the possible influence of central respiratory activity on the modulation of the sympathetic activity, rats were exposed to hypercapnia (10% CO 2 ) and hypocapnia (3 or 1% CO 2 ). High respiratory drive induced by hypercapnia reduced the duration of inspiration in Sham (1.02 ± 0.14 versus 0.74 ± 0.13 s) and SAD rats (1.43 ± 0.22 versus 0.90 ± 0.18 s), but this reduction was greater in SAD rats (P < 0.0001). Hypercapnia also increased tSNA in all phases of respiration in Sham rats (n = 11), but in SAD rats (n = 14) a significant increase in tSNA was evident during inspiration (43 ± 10 versus 55 ± 11%, P = 0.0018; Fig. 7) , in relationship to the normocapnic period. These data show that although hypercapnia reduced the duration of inspiration in SAD and Sham rats, the sympathetic response was different between groups. In addition, these results indicate that the central chemoreceptor activation increased the inspiratory modulation of the sympathetic activity and produced no sympathoexcitation during expiration in SAD rats. On the contrary, 3 and 1% CO 2 reduced the respiratory drive and the tSNA in SAD (n = 11) and in Sham rats (n = 14). Low respiratory drive induced by hypocania (3% CO 2 ) increased the duration of inspiration in both Sham (0.92 ± 0.13 versus 1.12 ± 0.27 s) and SAD rats (1.22 ± 0.32 versus 1.61 ± 0.64 s), which was greater in SAD rats (P = 0.0098). During 1% CO 2 , all rats presented apnoea, but they recovered to normal breathing after normocapnic perfusion. The reduction in the tSNA in hypocapnic conditions was greater with 1 than with 3% CO 2 in both groups (P < 0.0001 and P = 0.0008), but no significant differences of sympathetic withdrawal were observed between SAD and Sham rats (P = 0.9711 and P = 0.8751, respectively). To test the hypothesis that the excitatory modulation of the sympathetic outflow by respiratory mechanisms was not enhanced in SAD rats, we measured the increase in PP after restoration of the eupnoeic breathing pattern with the normocapnic mixture (5% CO 2 ) in rats that presented Traube-Hering waves during reperfusion (Simms et al. 2009 ). The increase in PP was similar between SAD and Sham rats (P = 0.7128; Fig. 8 ), indicating that changes in the neural inspiratory pattern are not amplifying the sympathetic activity in SAD rats, which is in the normal range after removal of the baroreceptors.
Baroreflex
The effectiveness of SAD was evaluated in the present study by stimulating the arterial baroreceptors. The pressor effect of the transitory increase in the flow, generated by the acceleration of the peristaltic pump, was similar in Sham and SAD rats (33 ± 7 versus 35 ± 8 mmHg, respectively, P = 0.3192). The sympathetic (2.27 ± 0.83 versus 1.09 ± 0.63% mmHg −1 , P = 0.0001) and the reflex bradycardic gains (−1.58 ± 1.79 versus −0.17 ± 0.27 beats min −1 mmHg −1 , P = 0.0005) were significantly reduced in SAD rats (Fig. 9) . As previously described by Baekey et al. (2010) , the expiratory time was higher during baroreflex stimulation in Sham rats (P = 0.0031), but in SAD rats this respiratory response was abolished (P = 0.9531; Fig. 10 ).
Discussion
The main findings of the present study are as follows: (i) the baseline inspiration was longer in SAD rats; (ii) the increased time of inspiration was not secondary to removal of the carotid bodies or attributable to an impairment of pulmonary vagal afferent feedback; (iii) SAD rats presented a significant increase in cervical vagus nerve inspiratory activity and a decrease in its post-inspiratory activity compared with Sham rats; (iv) SAD rats exhibited longer inspiratory glottal dilatation and reduction in post-inspiratory constriction; (v) SAD rats showed a significant reduction in the amplitude of the Traube-Hering waves; (vi) although the inspiration was longer after SAD, the increase in the sympathetic activity during inspiration was similar to Sham rats; (vi) hypercapnia did not induce sympathoexcitation during expiration in SAD rats; and (viii) hypocapnia produced a similar reduction in the sympathetic activity in 
M. R. Amorim and others
Sham and in SAD rats. Altogether, these findings indicate that after removal of the baroreceptor afferents, in spite of changes in the inspiratory pattern, no significant changes were observed in the sympathetic activity.
Baseline respiratory pattern after SAD
The SAD rats exhibited a significant increased duration of inspiration compared with the Sham rats, which was not dependent on dysfunction of the peripheral chemoreflex afferents or vagal afferents. This observed change in the respiratory pattern is in accordance with findings of our previous study showing a significant increase in the time of inspiration after SAD in awake rats . These data support the concept that removal of the arterial baroreceptor afferents has an impact on the modulation of the inspiratory pattern.
The kernel of source of the inspiratory activity is the pre-Bötzinger complex (pre-BötC), a neuronal group located in the ventral respiratory group in the ventrolateral medulla, which is an important region for generation of the baseline respiratory rhythm (Smith et al. 1991; Richter & Spyer, 2001 ). The pre-BötC neurons send synaptic contacts to motoneurons to produce phrenic nerve pattern discharge (Richter & Spyer, 2001; Smith et al. 2007) . In contrast, expiratory neurons, such as post-inspiratory (post-I) neurons, which present action potentials after the end of inspiration, send inhibitory projections to inspiratory neurons at pre-BötC (Richter & Smith, 2014 ). An acceptable explanation for the control of time of inspiration in rats with intact arterial baroreceptors is provided by the excitatory and inhibitory interaction between the inspiratory neurons from the pre-BötC and expiratory neurons from the BötC in the ventral medulla. Taking into consideration the longer inspiration after SAD and the reduced cVN activity during post-inspiration, we suggest that the electrophysiological activity of post-I neurons is altered after SAD. This neural respiratory reconfiguration seems to be important after SAD, considering that neural networks generating the rhythm and pattern of breathing may contribute to modulation of the neurons in charge of the generation of the sympathetic activity ).
Although we suggest that changes in the medullary respiratory neurons are involved in the increased duration of inspiration, other compensatory mechanisms might be involved in the longer inspiratory activity after SAD. Previous studies have shown that the parabrachial complex and Kölliker-Fuse nucleus located in the pons are involved in control of the time of inspiration and in regulation of the post-inspiratory phase of the respiratory cycle (Cohen & Shaw, 2004; Baekey et al. 2008 ). It was also described that transection of the pons changes the eupnoeic breathing pattern to apneustic, an abnormal respiratory pattern characterized by sustained or prolonged inspiration (St-John & Paton, 2004) followed by a reduction in the central respiratory modulation of the sympathetic outflow (Baekey et al. 2008) .
In the present study, we also found a significant increase in cVN inspiratory activity and a reduction in its expiratory activity in SAD rats. In addition, our data show an increase of upper airway time of dilatation and an impairment of glottal adduction during the early post-inspiratory phase in SAD rats. This altered upper airway control in SAD rats might impact on gas exchange at the alveolar level given that a decrease in arterial partial pressure of O 2 and an increase in arterial partial pressure of CO 2 were observed in previous studies in awake SAD rats (Franchini et al. 1994; Amorim et al. 2016) .
Electrophysiological recordings of the laryngeal motoneurons regulating the inspiratory abduction and post-inspiratory adduction of the upper airway were recently made in our laboratory (Moraes & Machado, 2015) , and a possible modulatory influence of laryngeal motoneurons by neurons of the pre-BötC complex was documented. Although our hypothesis focuses on changes in the firing properties of the respiratory neurons located in the ventral medullary surface after SAD, it is worth mentioning that glutamatergic neurotransmission in the nucleus tractus solitarii also participates in the control of the duration of inspiration and post-inspiratory activity of the cVN (Costa-Silva et al. 2010) .
Another important point to be considered regarding the respiratory changes in SAD rats is the respiratory response to baroreflex activation. According to Baekey et al. (2010) , the duration of expiration increased significantly during arterial baroreceptor activation in rats with intact baroreceptor afferents. In contrast, our results show that this expiratory lengthening was altered by SAD. The mechanism proposed by Baekey et al. (2010) using a computational model was a transient activation of the post-I neurons during the baroreflex stimulus. In SAD rats, we suggest that the changes in the expiratory response to baroreceptor stimulation might be associated with the absence of baroreflex modulation of the post-I neurons. However, we cannot rule out the possibility that other neurons (such as augmenting expiratory) or other regions involved in the modulation of respiratory pattern are altered after SAD. Regarding the mechanisms that trigger changes in the inspiratory pattern after SAD, we suggest that chronic alterations of blood gases are, at least in part, involved in the respiratory adjustments after SAD, considering that in a previous study we documented a significant decrease in the arterial partial pressure of O 2 and increase in CO 2 levels associated with respiratory changes in SAD awake rats (Franchini et al. 1994; Amorim et al. 2016) .
Respiratory-related sympathetic activity in SAD rats
In accordance with previous studies, adult and juvenile rats do not develop sympathetic overactivity and hypertension after SAD, but a marked increase in variability of mean arterial pressure (Barres et al. 1992; Irigoyen et al. 1995; Jacob et al. 1995; Amorim et al. 2016) . However, the respiratory mechanisms underlying the modulation of the sympathetic outflow and the arterial pressure after SAD remain unclear (Sved et al. 1997; Thrasher, 2004; Lohmeier & Iliescu, 2015) . In the present study, direct recordings of the sympathetic activity from juvenile rats was performed in order to provide mechanistic insights about respiratory modulation of the sympathetic activity after removal of the baroreceptors.
Regarding the sympathetic activity, we showed that there was no increase in the total baseline tSNA or in the respiratory-related tSNA during inspiration, E-1 and E-2 phases of the respiratory cycle in SAD rats compared with respective controls. Furthermore, we showed that although the tSNA typically increased during inspiration and that the inspiratory phase of the respiratory cycle was longer after SAD, the level of tSNA during inspiration was similar to that of Sham rats. Previous studies from our laboratory have shown that spontaneous deep breaths were associated with greater reductions in arterial pressure in SAD rats (Mauad et al. 1992; Amorim et al. 2016) , suggesting an important role of the inspiratory pattern in the control of arterial pressure and sympathetic activity after SAD.
The sympathetic activity to the cardiovascular system is generated by presympathetic neurons located in the in the RVLM. These neurons present spontaneous firing frequency after synaptic blockade and receive excitatory and inhibitory inputs from the respiratory neural network Almado et al. 2014; Accorsi-Mendonça et al. 2016) . Typically, the pattern of sympathetic activity shows a respiratory periodicity, which consists of an increase in sympathetic activity during inspiration and a reduction during expiratory phases (E-1 and E-2; et al. 2008; Costa et al. 2013; Souza et al. 2016) , indicating a coupling between the respiratory and the sympathetic neural circuits. The interaction between respiratory and sympathetic networks is different in each experimental model of neurogenic hypertension, resulting in sympathetic overactivity in different phases of the respiratory cycle (Czyżyk-Krzeska & Trzebski, 1990; Zoccal et al. 2008; Simms et al. 2009; Toney et al. 2010; Briant et al. 2015; Souza et al. 2016) . In the present study, the levels of sympathetic outflow during the three respiratory phases of the respiratory cycle were normal in SAD compared with Sham rats. Taking into consideration all these findings, we show that respiratory-sympathetic coupling was not amplified after SAD, despite longer inspiration. We suggest that the changes in the inspiratory and post-inspiratory neurons of the ventral medulla are not contributing to any increase in the activity of the presympathetic neurons after SAD.
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Zoccal
Considering that sympathetic activity regulates the vascular resistance, the data of the present study also show that changes in the neural inspiratory and post-inspiratory activity observed in SAD rats were associated with a reduction in the amplitude of the Traube-Hering waves. To our knowledge, the present study is the first to show a decrease in Traube-Hering waves in the absence of the arterial baroreceptors in rats (SAD and AD), but not after removal of the carotid bodies. It was documented that these waves are a consequence of respiratory-related fluctuations in the sympathetic activity, which may lead to periodic constrictions of the resistance vessels (Machado et al. 2017) . Furthermore, previous studies have shown that the respiratory-related sympathetic oscillations may play an important role in the maintenance of PP levels in prehypertensive rats (Simms et al. 2009 ). Although a complete understanding of the generation and the physiological role of Traube-Hering waves remains elusive, the findings of the present study suggest a potential implication of the aortic and carotid baroreceptors in the modulation of these waves. In this scenario, previous studies documented that the microinjection of bicucullin (a GABA A receptor antagonist) in the RVLM produced a sustained increase in Traube-Hering waves in anaesthetized and vagotomized rats (Miyawaki et al. 2002) . In contrast, increases in the sympathetic outflow produced greater Traube-Hering waves in hypertensive rats (Simms et al. 2009; Moraes et al. 2014) . Taking into consideration that the sympathetic activity was normal and that the magnitude of Traube-Hering waves was reduced after SAD, we show that the respiratory-sympathetic coupling is normal and suggest that vascular reactivity after removal of the baroreceptors is reduced, as reported by a previous study (Rocha et al. 2016 ).
Although we suggest that respiratory modulation of sympathetic activity after SAD might occur at the level of presympathetic neurons in the RVLM, it is noteworthy that other sites involved in the baroreflex pathway, such as the caudal ventrolateral medulla and the nucleus tractus solitarii, may be involved in respiratory modulation of the sympathetic activity after SAD. Interneurons of the caudal ventrolateral medulla provide tonic inhibitory input over RVLM neurons (Cravo & Morrison, 1993) and present respiratory-related activity (Mandel & Schreihofer, 2006) . There is also evidence that the intermediate nucleus tractus solitarii, in which baroreceptor afferents establish their first synaptic contacts (Accorsi-Mendonça & Machado, 2013) , is an important medullary dorsal station involved in neural respiratory activity (Costa-Silva et al. 2010; Zoccal et al. 2014) . These findings highlight the important relationship between the respiratory network and the brainstem areas involved with autonomic regulation after removal of arterial baroreceptors.
Changes in respiratory and sympathetic activities induced by hypercapnia and hypocapnia
Considering that the sympathetic activity was not increased in SAD rats, we challenged the activity of respiratory neurons in order to reveal a possible influence of the respiratory network on the sympathetic outflow. High and low respiratory drives were induced by hypercapnia or hypocapnia, respectively, and the phrenic and sympathetic nerve activities were recorded.
Regarding phrenic inspiratory activity, both SAD and Sham rats presented a decrease in the duration of inspiration during hypercapnia, but this reduction was more pronounced in SAD rats. Evidence suggests that the increase of CO 2 in the perfusate may activate the central respiratory chemoreceptors at the brainstem, which send excitatory synaptic contacts to the inspiratory neurons of the pre-BötC (Moreira et al. 2006; Molkov et al. 2011; Takakura et al. 2011) . Furthermore, activation of the central chemoreceptors also increases the respiratory modulation of the RVLM neurons, inducing sympathoexcitation (Moreira et al. 2006; Molkov et al. 2011) . Studies by Moreira et al. (2006) showed that anaesthetized SAD rats presented an increased splanchnic sympathetic nerve activity mediated by activation of the bulbospinal RVLM neurons during hypercapnia. The findings of the present study show that hypercapnia enhances sympathetic activity in Sham rats in all phases of the respiratory cycle, whereas in the SAD rats it was increased only during inspiration. The sympathoexcitation during hypercapnia was phase locked after SAD, suggesting that activation of central chemoreceptores changes the activity of specific respiratory neurons in SAD rats. Moreover, the lack of sympathoexcitation during expiration in SAD rats seems to be associated with a desensitization of central chemoreceptors to CO 2 . This reduction in the central chemoreception to CO 2 after SAD may be explained by the chronic increase of the CO 2 in the arterial blood in rats submitted to SAD, as previously reported (Franchini et al. 1994; Amorim et al. 2016) . On the contrary, hypocapnia induced low respiratory drive and a similar reduction in sympathetic activity in Sham and in SAD rats. These data show that silencing of the respiratory network using 1% CO 2 induces apnoeic threshold and a pronounced reduction in the sympathetic activity, indicating that during the reduction of neural respiratory activity, the sympathetic outflow was reduced to similar values in SAD and Sham rats. Studies performed by Molkov et al. (2011) showed an increased threshold for hypocapnic apnoea and respiratory modulation of the sympathetic activity in rats submitted to chronic intermittent hypoxia, which presents an increased sensitization of central chemoreceptors.
Our study also provides evidence that restoration of the eupnoeic respiratory pattern after a hypocapnia-induced apnoea leads to the recovery of Traube-Hering waves in SAD rats and an increase in the PP similar to that observed in Sham-operated rats, in agreement with the concept that the sympathetic outflow is not increased after SAD. In contrast, previous studies by Simms et al. (2009) have shown that spontaneously hypertensive rats presented a significant increase in the PP during the return of eupnoeic breathing compared with control rats, and they suggested that the augmented vascular resistance is attributable to an amplified respiratory-sympathetic coupling in those animals.
Conclusions
After SAD, a significant increase in the sympathetic activity is expected, considering that the baroreflex buffering is absent. However, our data show that sympathetic activity is normal after SAD. Furthermore, our findings provide experimental evidence that the respiratory-sympathetic coupling is working in a normal range of variation after SAD, in spite of longer inspiration. We conclude that in the absence of arterial baroreceptors the respiratory network might play a key role to prevent sympathetic overactivity and hypertension in this experimental model. Sun 
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